The effects of lead on the development of the nervous system are of immediate concern to human health. While it is clear that lead can affect neuronal development at levels of exposure within the range found in the environment, the particular mechanism of the disruption is not readily ascertained. Lack of knowledge of the mechanism of lead-induced damage hampers its treatment and prevention. The goal of our research is to develop a model system in which the effects of lead on central nervous system development can be demonstrated. The complexity of the brain hampers such investigations because often it is not clear if apparent toxic effects represent changes secondary to somatic changes, such as endocrine or hematological defects, that could alter brain development, or even transneuronal effects caused by toxicity at a distal site that deprives a brain area of a synaptic input needed for its proper development. A related problem is the redundancy of compensatory systems in the brain. Such systems may disguise the severity of the initial toxic insult and themselves can cause functional disturbances.
Introduction
Recent studies combining the techniques of neuropsychology, inorganic analytic chemistry, and epidemiology have provided important new insights into adverse effects of low-level lead exposure on the developing central nervous system. Perinatal exposure yielding blood levels of 300 to 600 ,g/L, documented by measurements in body fluids or tissue, has been shown to result in clearcut behavioral, neuropsychological, and electroencephalographic abnormalities (1) (2) (3) (4) (5) (6) (7) . While the mechanisms of these lead-induced changes are unclear and may be influenced by many other factors, such as nutrition (8) and the particular test paradigms used (9) , the widespread environmental burden of this heavy metal provides a strong impetus for further experimentation.
Homologous transplantation of fetal rat brain tissue to the anterior chamber of the eye is a useful method for studying potentially deleterious effects of heavy metals on defined areas of the developing centrl nervous system. One specific advantage of the grafting technique is that graft and host brain will share the same circulation and therefore be exposed to similar blood concentrations of lead for identical time periods. It thus becomes possible to compare effects of lead on any given transplanted area of the brain that has been exposed to lead during development with the corresponding area of the host brain, exposed to Figure 1 indicates that the lead-induced hyperinnervation is completed in 3 days and remains stable for at least 2 weeks. When data from the last three time points are combined, the effect of 1.4 mM PbAc is significant at the p < 0.001 level, as is the effect of 42 mM PbAc (Fig. la) . In the lead-treated irides, irregular bundles of fluorescent sympathetic axons not normally seen were also present. It was also obvious that the higher lead concentrations caused a slight inflammatory reaction in the irides as they were sometimes swollen and contained macrophages.
In sharp contrast to lead, mercury caused marked degeneration of adrenergic nerves (Fig. lb) . The time course of this change was followed using 3.5 mM mercury chloride solutions (Fig. lc) . Nerves began to degenerate and disappear within 24 hr after injection. At this time point, most nerves had disappeared in some irides, leaving only the preterminal axon bundles that reach the dilator plate through the choroid membrane and cidiary body. Such axon bundles contained axons with terminal swellings and increased beading. Other irides showed only patches of degenerated plexus while the rest of the sympathetic nerves were thinner, smoother, and had a lower fluorescence intensity than normal. At 3 days, mercury-treated irides had only 35% of the nerve fibers normally found (Fig. lc) . In some irides, however, signs of recovery were apparent at this time point. In such cases, nerve terminals were varicose and thus had a more normal morphology than at day 1. There were also signs of regenerative sprouting from the cut axon bundles. After 2 weeks postinjection, the mean nerve density had recovered to almost 80%, showing a significant regenerative sprouting from the remaining nerve plexus. The reconstituted adrenergic ground plexus had a clearly abnormal organization, however, characterized by more axon bundles and straighter running intersecting terminals.
The changes of adrenergic nerve density caused by 1.4 mM lead were confirmed by an independent technique in one experiment wherein irides were incubated in labeled noradrenaline before fluorescence microscopy (Fig. 2) . Transmitter uptake into lead-treated irides was 133 + 7% (n = 9) and in NaAc-injected irides was 115 + 5% (n = 9) as compared to noninjected controls (100 ± 6%; n = 6). In general, lead treatment of the host had no adverse effects on the process of endothelial budding and vascularization of the transplants from the host iris. There were no petechial hemorrhages or delays of vascularization. The cerebellar anlage was chosen for our initial grafting experiments because the cerebellum has been reported to be especially sensitive to lead intoxication. It is in the cerebellum of developing animals that one first finds hemorrhages after very high-level intoxication (10) . The cerebellar bud was grafted from two prenatal stages of development: 14 days of gestation, at which stage control grafts will show vigorous growth in oculo, and 16 days of gestation, when grafts will reach a final size in oculo that does not exceed the size when grafted. As can be seen from Figure 3 , there are no effects of 1% lead on cerebellar transplant growth at either of the two stages. Moreover, as noted above, there were no petechiae or other disturbances of the vasculature of the developing cerebellar grafts. Preliminary studies indicate that the typical trilaminar histological organization of the cerebellar cortex seen in control grafts (11) is intact in lead-treated grafts, taken at either prenatal stage.
Cerebellar grafts in NaAc-treated rats showed Purkinje cell spontaneous activity indistinguishable from that seen in normal animals. A total of 30 neurons were recorded from four grafts, all with urethane (1.0-1.25 g/kg) anesthesia. The cells in all four grafts had a sustained spontaneous discharge with an average rate of 25.8 + 2.A Hz. Action potential tracings, interspike interval histograms, and rate meter records for three typical cells from three different grafts are shown in Figures 4 and 5 . The regularity of the discharge pattern is indicated by the prominent model peak in the histogram. The distribution of firing rates for these animals is indicated in Figure 6 . In sharp contrast, Purkinje cells in grafts from PbAc-treated animals showed almost no spontaneous activity (Fig. 6) . A total of 20 grafts in 13 animals were studied. Urethane (OA-0.7 g/kg) was used for 18 grafts, and halothane (0.5%) was employed for 2 grafts. These lower doses of anesthetic were necessitated by the greater sensitivity of the PbActreated rats to anesthetic-induced respiratory depression, which we observed in our initial experiments. A total of 63 Purkinje neurons in 18 of the grafts (16 with urethane and 2 with halothane) were totally silent except when mechanically stimulated by the electrode tip or when excited by perfusion of penicillin (Fig. 7) . In one graft, three cells were found which discharged initially but became silent after 3 to 4 min. Only in one graft were Purldnje neurons recorded with a discharge pattern which resembled that seen normally (Fig. 6) . A total of eight cells were found in this transplant with an average discharge rate of 21.1 + 3.1 Hz. The distribution of discharge rates for the lead-treated rats is shown in Figure 6 . .11 JAd. il To control for any systemic depressant effects in the leadtreated animals, the host animals' cerebellum was studied in the 12 animals bearing the 18 "silent" grafts. In all cases, vigorous, sustained Purkinje cell spontaneous discharge was seen, similar to our previous studies (12) . The discharge rate for 72 host Purkinje cells (at least 5 per animal) was 34.1 + 2.7 Hz. Again, the interspike interval histograms manifested regular, normally appearing discharge patterns.
Effects of Postnatal Lead Exposure on Cerebellar Purkinje Neurons and Adrenergic Innervation in Situ
In view of the striking hypoactivity of cerebellar Purkinje neuron discharge seen in the intraocular cerebellar grafts that matured in host animals receiving lead in their drinkig water, experiments were designed to see if these results could be generalized to the developing brain in an intact organism. The mean spontaneous firing rate of cerebellar Purkinje neurons was found to be significantly lower in adult animls that received 8 mg PbAc/kg body weight during their first 20 days of life than in animals that received either 1 mg PbAc or 8 mg NaAc/kg body weight (Fig. 8) . Moreover, the distribution of the firing rates of the Purkinje cells differed; there was a preferential loss of faster firing cells in the 8 mg PbAc/g body weight group. This hypoactivity was not due to reduced weight gain since animals malnourished via increased litter size manifested normal electrical activity of Purkinje cells. In an effort to establish whether lead-induced adrenergic hyperinnervation could also be seen in situ, rat pups were exposed to PbAc or NaAc postnatally for 20 days. Cortical smears were subsequently taken from animals after maturation, and the density of noradrenergic terminals was compared in the two groups by fluorescence histochemical measurements. As shown in Fgure 9, all three cortical regions sampled showed increased norepinephrine varicosities in the lead-treated animals. In a parallel fashion, levels of norepinephrine in cortex, as measured by HPLC, are also modestly elevated after perinatal lead exposure.
Discussion
The data in this communication demonstrate that chronic lead treatment produces profound changes in cerebellar transplant electrophysiology. These are seen in the absence of any alterations in cerebellar graft morphology or gross histological organization. In addition, the brain of the aNdult host animal does not develop lead-induced electrophysiological abnormalities. Previous animal investigations also have suggested that the developing brain is selectively sensitive to blood and tissue lead levels that are similar to those obtained in the present investigation. For example, exposure of the neonate to low-level lead results in marked changes in central nervous system responsiveness to visual stimulation (3), alterations in seizure responses (13) , delayed maturation (14) , and behavioral abnormalities (2, 715) ; adult animals in these studies showed no changes after chronic lowlevel lead treatment. Routine histological examination of cerebellar grafts, using a variety of parameters, indicated no obvious differences in lead-treated versus NaAc-treated grafts. Similarly, we have observed no differences in growth, determined by serial measurements of surface area of cerebellar grafts in oculo as a function of this type of lead exposure (16) . Indeed, the literature on lead exposure in this dose range has shown little evidence of induced histological abnormalities, either in man or in animal models (17) . It must be cautioned, however, that no cytochemical studies to localize transmitterspecific cells or fibers were carried out in these previous studies. It has been previously demonstrated that adrenergic and cholinergic fibers from the autonomic ground plexus of the iris provide a functional input to cerebellar grafts (18) . The density of adrenergic afferent input is, in fact, altered by chronic lead treatment.
The most striking finding from our study is the absence of spontaneous activity in transplanted Purkinje cells from lead-treated animals. NaAc (3) . Evoked field potentials in these animals were either lacking or of longer latency and altered waveform as compared to nonleadtreated neonate controls or to adult lead-treated animals. Thus, the absence of activity in lead-treated grafts probably represents a specific and long-lasting interaction of this metal with the neuronal circuitry within the developing graft. Interestingly, although lead-induced changes in motricity have been reported in both animal models (19) (20) (21) (22) and in man (5, 6, 23, 24) after perinatal exposures yielding blood levels of 400 to 600 tg/L, these changes have involved the general level of motor activity rather than specific cerebellar functional deficits. It is possible that, in the intact animal, direct effects of lead on cerebellar activity are compensated by changes in afferent input from other brain areas. Such "plastic" changes have been demonstrated after lesions in many brain regions, using both anatomical and physiological parameters (25, 26) . Of course, such compensatory mechanisms would not be operative in the graft. It is not clear, then, whether the electrophysiological differences reported here between graft and host Purkinje cells are due to lead exposure in the developing versus mature brain, or due to lead exposure in a brain graft versus brain in situ with consequently different lead levels (27) .
The present study reveals that lead causes an increased adrenergic nerve fiber density. Lead has previously been found to increase noradrenaline levels in the central nervous system of immature animals (28) . Whether this increase is due to a change in the biochemistry of the noradrenergic neurons or an augmentation of growth is unclear. Our present findings show that lead can stimulate growth of mature peripherl sympathetic nerves. If lead does promote significant growth of central noradrenergic nerves in a similar fashion, this might be one of the factors behind the suggested lead-induced hyperactivity in children (29) .
